Abstract Background/purpose: The aim of the this study was to compare the amount of debris apically extruded during endodontic retreatment using two rotary nickeletitanium (NiTi) instruments (K3 and R-Endo) and Hedström files. Materials and methods: Forty-five extracted human mandibular premolar teeth were used in this study. Root canals of the teeth were filled before being randomly assigned to three groups. In group 1, gutta-percha was removed with K3 (SybronEndo, West Collins, CA, USA) rotary NiTi instruments. In group 2, gutta-percha was removed with R-Endo (Micro-Mega, Besançon, France) rotary NiTi instruments. In group 3, gutta-percha was removed using Hedström files (Dentsply Maillefer, Ballaigues, Switzerland). Debris extruded from the apical foramen was collected into Eppendorf tubes. The liquid inside the tubes was dried, and the debris in each group was weighed and compared. Data were statistically analyzed using one-way analysis of variance, and KruskaleWallis test and ManneWhitney U test. Results: Although all retreatment techniques resulted in apical extrusion, groups 1 and 2 produced significantly less apical extrusion than group 3 (P < 0.05). No statistically significant difference was found between groups 1 and 2 (P > 0.05). Conclusion: All retreatment techniques produced extruded debris during endodontic retreatment; however, both rotary NiTi systems were associated with less apical extrusion than manual instrumentation with Hedström files.
Introduction
Root canal treatment, despite having a high degree of success, may lead to undesired responses, and failure may occur. 1e3 The main causes of endodontic failure are thought to be inefficient treatment or reinfection of an obturated root canal system because of coronal or apical leakage. 4 When root canal treatment fails, treatment options include conventional retreatment, periradicular surgery, and extraction. Among these treatment alternatives, retreatment should be considered the first choice because it is the most conservative method to resolve the problem. 5 The main goal of retreatment is to regain access to the apical foramen by completely removing the root canal filling material, thereby facilitating sufficient cleaning and shaping of the root canal system and final proper filling. 4, 6 When endodontic retreatment is performed, irritants in the form of filling materials, necrotic tissues, microorganisms, or irrigants might be introduced into periapical tissues. The apically extruded materials are held clinically responsible for postoperative inflammation and flare-ups, even in teeth instrumented short of the foramen. Although debris extrusion is a problem with virtually all instrumentation techniques, the amount of debris extruded apically might vary according to the technique used. Previous studies have shown that techniques involving a pushepull filing motion usually create a greater mass of debris than those involving some sort of rotational action. 9e12 This has led to the hypothesis that enginedriven rotary instruments produce less debris than handfiling techniques, because they have a tendency to pull the debris into the flutes of the instrument, thus leading them out of the root canal in a coronal direction. 13 Over the past decade, root canal preparation with rotary NiTi instruments has become popular. These instruments were proposed as alternatives to manual instrumentation for the removal of filling materials from root canals. They are also available in various designs that differ in tip and taper design, rake angles, helical angles, pitch, and the presence of radial lands. It has been reported that NiTi instruments are safe, fast and efficient. Using an automated device has made maintenance of the root canal shapes easier and avoids apical extrusion of debris. 14, 15 The K3 (SybronEndo, West Collins, CA, USA) file is a rotary NiTi instrument with modified radial lands and a slightly positive rake angle (Fig. 1) . The helix flute angle increases from the tip to the handle. Additionally, it has a variable pitch throughout the cutting shank. 16 The manufacturer claims that this design effectively cuts the dentin surface and allows dentinal debris to easily be irrigated away. 17 R-Endo (Micro-Mega, Besançon, France) is a new instrumentation system specifically dedicated to retreatment procedures (Fig. 2) . It is composed of five instruments: an Rm hand file (size 25, 0.04 taper) to relocate the canal orifices, Re (size 25, 0.12 taper) to flare the first few millimeters of the canal, and three files R1, R2 and R3 dedicated to each third of the root canal to a size 25, with respective 0.08, 0.06 or 0.04 tapers. Also, an optional finishing file Rs (size 30, 0.04 taper) is available if required. The files have a triangular cross-section with three equally spaced cutting edges and no radial land; the tips of the files are claimed to be inactive. 18 The aim of the present study was to compare the amount of debris extruded apically during endodontic retreatment using K3, R-Endo and Hedström instruments.
Materials and methods

Selection and preparation of teeth
In the present study, 45 freshly extracted human mandibular premolar teeth were used. Teeth with calcification and open apices were excluded, and those with one apical foramen, mature apices, and a curvature of 0e10 were selected. All teeth were analyzed with digital radiographs (Schick Tech., Long Island, NY, USA) in the buccal and proximal directions to check for a single canal. The teeth were cleaned of debris and soft-tissue remnants and kept in a saline solution until being used.
Access cavities were prepared using high-speed diamond burs with water cooling. Apical patencies were determined with a size-10 K-file (Dentsply Maillefer, Ballaigues, Switzerland). The working length was established 1 mm shorter than the length at which a size-10 K-file was visualized at the apical foramen. Root canal preparation was performed with a modified step-back flare technique. The coronal portion was initially flared with sizes 1e3 Gates Glidden drills (Dentsply Maillefer). Canals were then prepared with K-files to a master apical file size of 30 and stepped back in 1-mm increments to a file size of 55. Canal patency was maintained by inserting a size-15 K-file slightly beyond the apical foramen during recapitulation. Each instrument was used for the preparation of only three teeth. After each instrument was used, before proceeding to the next, canals were irrigated with 2 mL 2.5% sodium hypochlorite (NaOCl). When instrumentation of the root canal was complete, 17% EDTA was applied for 1 minute to remove the smear layer, and the canal was flushed again with 2.5% NaOCl. The root canals were filled with gutta-percha and AH 26 root canal sealer (Dentsply De Trey, Konstanz, Germany) using a cold lateral condensation technique. The roots were radiographed in the buccolingual and mesiodistal directions to confirm the adequacy of the root filling. The total length of the root canal filling did not exceed more than 16 mm from the apex to the coronal aspect, so that the volume of the filling material was approximately equal in all teeth. The access cavities were temporarily filled (Cavit; Espe, Seefeld, Germany). All teeth were then stored in a humidor at 37 C and 100% humidity for 2 weeks to allow complete setting of the sealer.
Experimental design
The experimental model system used to evaluate debris extrusion is shown in Fig. 3 . Holes were made in the stoppers of Eppendorf tubes, and teeth were inserted under pressure through the stoppers, which were fixed with cyanoacrylate. A bent 27-gauge needle was also forced alongside the stopper to use as a drainage cannula, and to balance the air pressure inside and outside the centrifuge tubes. The Eppendorf tubes were then fitted into the vials.
All vials were covered with aluminum foil to prevent the operator from viewing debris extrusion during the retreatment phase. In no case was the inner Eppendorf tube touched by the technician's fingers. Before retreatment, the Eppendorf tubes were weighed with a microbalance (Precisa Instruments, Dietikon, Switzerland). Three consecutive measurements were taken for each tube, and the mean value was recorded.
Retreatment technique
The teeth were randomly divided for retreatment into three groups of 15 teeth each. Then, 0.1 mL eucalyptol was first placed into the access cavity to soften the root filling material. Two or three additional drops of solvent were applied as required to reach the working length. After the working length was reached, both rotary instruments were used to remove gutta-percha in a brushing circumferential motion while pressing against the root canal walls.
Group 1 (K3 group)
K3 (SybronEndo) instruments were prepared with a VDW Gold (VDW, Munich, Germany) endodontic handpiece at low speed (300 rpm) and used in a crown-down manner according to the manufacturer's instructions, using a gentle in-and-out motion. When resistance was felt, the instrument in use was withdrawn and exchanged for the next instrument. File sequences were as follows: size 25 (0.06 taper) was used at one-half of the working length; size 20 (0.06 taper) was used between one-half and two-thirds of the working length; and instruments of sizes 20 (0.04 taper), 25 (0.04 taper), and 30 (0.04 taper) were used to reach the working length.
Group 2 (R-Endo group)
R-Endo instruments (Micro-Mega) were used with an InGet type contra-angle handpiece (InGet Ò 06 contra-angle; Micro-Mega) at low speed (300 rpm) and manipulated in a gentle in-and-out motion according to the manufacturer's instructions. An Rm hand file (size 25, 0.04 taper) was first used to relocate the canal orifices, then the Re instrument was used to remove the first 2e3 mm of the filling. R1 and R2 instruments were respectively used to one-third and two-thirds of the estimated working length. An R3 instrument was used at the working length with a circumferential filing action. Finally, the retreatment procedure was concluded with the use of an Rs instrument at the working length.
Group 3 (Hedström group)
The canal was reinstrumented with Hedström files (Dentsply Maillefer) in sizes 20, 25 and 30 using a circumferential quarter-turn push-pull filing motion to remove gutta-percha and sealer from the canal. A step-back procedure with Hedström files was then completed coronally in 1-mm increments to file size 55.
During retreatment, a total volume of 12 mL distilled water was used to irrigate the root canals of each tooth. The irrigant was delivered with a disposable plastic syringe with an attached 27-gauge stainless steel needle that was Figure 3 Experimental model system used to evaluate debris extrusion.
inserted into the canal until slight resistance was felt. All instruments were used in three root canals and then discarded. Also, any deformed instruments were discarded. Retreatment was deemed complete when the working length was reached, no additional gutta-percha or sealer was visible on the files or paper points, and the canal walls were smooth. If these requirements were not met, the canals were further instrumented with the last file used until the criteria were fulfilled. Each root canal was prepared, filled, and retreated by the same operator to reduce interoperator variability.
Evaluation
On completion of the retreatment procedure, the Eppendorf tubes were removed from the vials. The debris adhering to the external surface of the apex was scraped and collected into its tube. The Eppendorf tubes were stored in an incubator at 37 C for 21 days to evaporate the moisture before weighing the dry debris (Fig. 4) . The tubes with the remaining debris were reweighed using the microbalance. The same protocol was applied in the weighing process. The weight of the extruded debris was determined by subtracting the weight of the preweighed empty Eppendorf tubes from the weight of the tubes plus the dried debris.
Statistical analysis
Data were analyzed statistically using one-way analysis of variance and KruskaleWallis test and ManneWhitney U test. The level of statistical significance was set at P Z 0.05.
Results
Data regarding the mean weight of debris extruded are presented in Table 1 . The results indicated that all instruments tested caused measurable apical extrusion of debris (Fig. 5) . The manual instrumentation technique had the greatest mean weight of debris among all groups. A statistically significant difference was found between the manual instrumentation group and each of the rotary NiTi groups (P < 0.05). The lowest mean weight of debris was related to the R-Endo group, which did not significantly differ from that of the K3 group (P > 0.05).
Discussion
Nonsurgical endodontic retreatment of previously filled root canals is the initial treatment of choice for managing endodontic failures. Removing as much sealer and guttapercha as possible from an inadequately prepared and filled root canal system is crucial to uncover remnants of necrotic tissue or bacteria that may be responsible for periapical inflammation and failure. 19 When endodontic retreatment is performed, irritants in the form of filling materials, necrotic pulp tissues, bacteria, or irrigants might be introduced into the apical lesion. The apically extruded materials are held clinically responsible for postoperative inflammation and flare-ups or even failure of apical healing. 7e9 The intensity of the acute inflammatory response depends on the number and/or virulence of the extruded microorganisms. 9 Gutierrez et al 20 have indicated that a high percentage of bacteria adhering to the resorptive lacunae or in the flutes of files used in overinstrumented human teeth with infected root canals carry a potential risk for postoperative pain, clinical discomfort, and flare-ups. Seltzer et al 21 have stated that dentin chips pushed into periapical tissues can cause persistent inflammation. Torneck et al 22 have identified small amounts of necrotic dentin in periapical tissues, surrounded by granulation tissue and collagen fibers. Naidorf 23 has indicated the presence of immunoglobulins in the Figure 4 Appearance of dry debris in an Eppendorf tube. 14 single-rooted anterior teeth and premolars. In the present study, only single-rooted mandibular premolars were used, because application of one kind of tooth can help increase the similarity among specimens. Also, the teeth were carefully selected according to the tooth type, canal size, working length, and canal curvature. All teeth were digitally radiographed from clinical and proximal views to ensure that they had single canals and orifices.
Irrigation is a necessary and important phase of cleansing the canal. The irrigant functions as a lavage and flush, a solvent, a disinfectant, and a lubricant within the canal. Many liquids are used as canal irrigants, for example, distilled water, NaCl, a local anesthetic solution, NaOCl, and hydrogen peroxide solution. 27 Because of the importance of accurate measurement, distilled water that was completely pure was used in the present study to reduce the chance that particulate matter, contained in other irrigants, might possibly skew the final values. In this way, the weights of the tubes in both situations (without distilled water and after drying) were similar, and the debrisextrusion effects of rotary NiTi instruments and manual instrumentation could be investigated.
In this study, a 27-gauge needle tip was passively inserted and never allowed to bind while the irrigant was being deposited into the canal. According to Abou-Rass and Piccino, 28 deep delivery of an irrigation solution into root canals results in more effective removal of debris. However, the disadvantage of this method of delivery may be increased apical extrusion. In another previous study, Vande Visse and Brilliant 29 have shown that the introduction of fluid into a canal makes instrumentation easier, but fluid also permits debris to pass more easily out of the apical foramen. According to Brown et al, 30 there was a significantly greater volume of extruded NaOCl with deep penetration of the irrigant compared to a reservoir technique. This may have been because of different pressures being exerted apically within the root canals. When hand filing is continued, the file acts as a plunger in a cylinder causing hydrostatic pressure sufficient to force the irrigant beyond the apex.
Myers and Montgomery 26 have clearly shown that a working length 1 mm short of the canal length contributes to significantly less debris extrusion. Beeson et al 31 have reported that when instrumentation is performed in the apical foramen, significantly more debris is forced apically than when instrumentation is 1 mm short of it. Therefore, in the present study, instrumentation was confined to 1 mm short of the apical foramen.
Apical extrusion of debris during root canal treatment and retreatment has been investigated in previous studies. Reddy and Hicks 10 were the first to compare apical debris extrusion between manual instrumentation and engine-driven techniques. When comparing the mean weights of apically extruded debris, they noted that the step-back technique produced significantly more debris than engine-driven techniques. Ferraz 15 reported that the ProTaper Universal Tulsa rotary system resulted in a significantly smaller amount of debris extrusion during endodontic retreatment compared to Hedström file instrumentation. Our results were similar to previous studies in which rotary NiTi instruments extruded significantly less debris during retreatment than manual instrumentation with Hedström files. This result might have been due to the fact that early flaring of the coronal part of the preparation with the R-Endo and K3 instruments improves instrument control during preparation of the apical one-third of the canal, and because of the rotational motion, which tends to direct debris toward the orifice, keeping it from becoming compacted in the root canal. Also, the better performance of R-Endo and K3 can probably be attributed to their designs. R-Endo instruments are specifically designed for use in retreatment and are machined into a round blank, and their cross-section is characterized by three equally spaced cutting edges; the instrument has neither radial lands nor an active tip. 18 Also, the K3 rotary NiTi instrument used in this study was reported to have a slightly positive rake angle in combination with a radial land relief. A positive rake angle tends to increase the cutting efficiency of the file. 16, 17 Therefore, K3 could remove gutta-percha from the canals in large pieces around the spirals of instruments, whereas Hedström files only removed gutta-percha in small increments. However, with the manual instrumentation technique, the reason for greater apical extrusion of debris was that the file used in the apical one-third of the tooth acts as a piston that tends to push the debris through the foramen and less space is available to flush it out coronally. 12 It must be stated that the results of this study cannot be directly extrapolated to clinical situations. No attempt was made to simulate the presence of vital pulp or periapical tissues. An in vivo model may give different results, as periapical tissues may serve as a natural barrier, inhibiting debris extrusion. Results may also differ because of positive and negative pressures at the apex and also according to whether normal or pathological periapical tissues are present. 34 In an in vivo study, Salzgeber and Brilliant 35 demonstrated that vital tissues helped control the apical and lateral penetration of an irrigating solution. In necrotic tissues, the solution is randomly dispersed when extended into the periapical lesion. Also, the results of the present study reflect conditions in which teeth had low curvatures. The reason for the selection of single-rooted teeth with single canals having low curvatures was to eliminate complications likely to arise in the instrumentation of severely curved root canals. By contrast, teeth with higher degrees of curvature may give rise to different results. 13 Furthermore, the present study was limited to teeth with mature root morphology. The observed results should not be generalized to teeth with immature root development and open apices.
Based on the results, all retreatment techniques produced extruded debris; however, the rotary NiTi systems were associated with less apical extrusion than was manual instrumentation.
